Abstract-Sorption of ␣-endosulfan by kaolinite and montmorillonite alone and in the presence of sorbed and dissolved humic acid (HA) was investigated (pH 8 and 25ЊC). Three types of HA, Elliot soil HA (EHA), Peat HA (PHA), and Summit Hill HA (SHHA), were used to represent typical humic substances found in soils. For sorption of HA by either mineral, Freundlich sorption coefficient (K f ) values appeared to decrease in the order of EHA Ͼ PHA Ͼ SHHA, which followed increasing polarity (expressed as the O/C atomic ratio) and decreasing percent-carbon content. For both clays, sorption of ␣-endosulfan by the HA mineral complex was greater than for sorption by the clay alone. Sorption of ␣-endosulfan by the HA mineral complexes followed the same order as the K f of the HAs (EHA Ͼ PHA Ͼ SHHA). Based on the amount of HA adsorbed by each mineral, organic carbon partition coefficients (K OC ) were determined for sorption of ␣-endosulfan by two of the HA mineral complexes. The value of K OC for ␣-endosulfan sorption was greater for kaolinite EHA than kaolinite SHHA. However, the opposite trend was found with the montmorillonite HA complexes. Montmorillonite appeared to sorb ␣-endosulfan and/or HA with higher affinity than kaolinite, which likely is due to its 2:1 layer structure and higher surface area. Sorption of endosulfan diol, a hydrolysis product, by the minerals was much less than the parent pesticide.
INTRODUCTION
The behavior of organic compounds in soils is closely related to their distribution and transport between soil components such as clay minerals and natural organic matter (NOM) [1, 2] . It especially is important to understand this behavior for organic chemicals directly applied to soils, such as endosulfan, an organochlorine insecticide that is acutely toxic to aquatic organisms [3] .
Clay minerals and NOM are associated so intimately with each other that their individual effects on the sorption of organic and inorganic compounds are difficult to separate. Mineral-bound NOM can alter significantly the characteristics of the mineral surface [4, 5] and influence the mobility of contaminants [6] [7] [8] .
Humic acid (HA) is an important component of NOM that several researchers have used to investigate the influence of NOM on the behavior of organic contaminants. Humic acid consists of heterogeneous components with a wide range of molecular weights and different chemical moieties. Due to its heterogeneities, there might be a broad distribution of sorption affinities for mineral surfaces within a particular bulk material. A number of previous studies have shown that hydrophobic and/or higher molecular weight HA fractions exhibit greater sorption on mineral surfaces compared to hydrophilic and/or lower molecular weight (e.g., fulvic acid) fractions [9] [10] [11] [12] .
The two general mechanisms that have been proposed for sorption of HA onto minerals are an electrostatic one known as ligand exchange and a hydrophobic one [13] [14] [15] . Ligand exchange is controlled by pH, which dictates the dissociation of the carboxyl and phenolic groups of the HA and of the hydroxyl groups on the mineral surface [4, 16] . As pH increases and dissociation of the functional groups on both the HA and mineral increases, adsorption of HA by minerals decreases * To whom correspondence may be addressed (lc@clemson.edu).
with a maximum at pH 4.3 to 4.7, which is a common pK a (the negative log of the dissociation constant) for carboxylic acids [7, 17] . Above the point of zero charge (pH zpc ), the dominant mechanism is no longer ligand exchange but hydrophobic adsorption. Although hydrophobic adsorption has been observed as about one-third of the maximum adsorption of HA [13, 18] , it is a significant mechanism at pH Ͼ pH zpc [19] .
In this research, ␣-endosulfan, an organochlorine insecticide, was chosen as representative of nonionic compounds. Endosulfan is used extensively throughout the world as an agricultural chemical, and it has been detected in an increasing number of environmental samples in recent years. The environmental concern regarding its widespread distribution, particularly in aquatic environments, is its acute toxicity to aquatic organisms and moderate toxicity to invertebrates ( [20] ; http:/ /www.apvma.gov.au/chemrev/prsendo.shtml). The overall sorptive behavior of endosulfan in soil has been investigated extensively [21] [22] [23] [24] [25] [26] [27] ; however, its sorptive behavior by clay minerals has been reported less often.
The main objective of this work is to investigate how mineral and mineral-bound HA influence sorption of ␣-endosulfan. The purpose of this study was to understand and to estimate the overall distribution (and/or sorption) of ␣-endosulfan by clay minerals alone and in the presence of dissolved and sorbed soil HA. Later experiments investigated the effects of sorption by these systems on the hydrolysis of endosulfan. Three wellcharacterized HAs, Elliot soil HA (EHA), Peat HA (PHA), and Summit Hill HA (SHHA), were used to represent typical humic substances found in soil. In addition, sorption isotherms were performed for each HA by the minerals. Based on the amount of HA adsorbed by each mineral, organic carbon partition coefficients (K OC ) were determined for sorption of ␣-endosulfan by HA mineral complexes. Sorption isotherms of endosulfan diol, the byproduct of ␣-endosulfan hydrolysis, by minerals also were performed. 
MATERIALS AND METHODS

Chemicals
Commercial stock solutions of ␣-endosulfan (99.9% purity) at a concentration of 100 g/ml in 1 ml of methanol were purchased from VWR (West Chester, PA, USA). Endosulfan diol (endosulfan alcohol, 96.0% purity) was purchased as a solid from Ultra Scientific (Kingstown, RI, USA). Stock solutions of endosulfan diol were prepared in methanol to achieve a concentration of 500 g/ml. Stock solutions were used without further purification. The internal standard, aldrin, was purchased from VWR. Potassium hydrogen phthalate, sodium chloride, sodium hydroxide, isooctane, and all organic solvents used also were purchased from VWR. Organic solvents were pesticide residue-analysis quality.
Kaolinite (kaolin powder, China clay) and montmorillonite were purchased from VWR and were used without further purification. Their surface areas were determined by multiple point Brunauer-Emmett-Teller sorption isotherms using automatic surface analyzers (Accelerated Surface Area and Porosimetry Analyzer Model 2010; Micromeritics, Runcorn, UK) and nitrogen gas as the sorbent. Prior to analysis, the samples were degassed for 24 h at 25ЊC under a continuous stream of helium gas. The values of the pH zpc frequently are reported to be near 4.6 and 2.5 for kaolinite and montmorillonite, respectively [28] .
The three HAs, EHA, SHHA, and PHA, were purchased from the International Humic Substances Society (St. Paul, MN, USA) to represent soil HA based on their polarity (O/C ratios) and common occurrence in soils. The EHA was isolated from fertile prairie soils near Joliet, Illinois, USA. The Elliott series consists of very thick, poorly drained soils on moraines and till plains (http://www.ihss.gatech.edu). The SHHA was isolated from tussock grass soils (collected from the Ah horizon [0-15 cm]) from Summit Hill on the South Island of New Zealand. This soil has a carbon content of 4.3% (http:// www.ihss.gatech.edu). The PHA was isolated from an agricultural peat soil from the Florida Everglades, USA, which was formed in organic deposits in freshwater marshes. The Pahokee series consists of quite poorly drained soils, 36 to 51 inches thick, over limestone (http://www.ihss.gatech.edu). The elemental analyses of these International Humic Substances Society HAs, including the distribution of carbon functional groups, are shown in Table 1 .
Prior to performing experiments, stock solutions were prepared for each of the three HAs by dissolving the HA in a 0.1-M NaCl solution, followed by filtering (0.30-m membrane filter; Whatman, Maidstone, UK) to remove any particulates. The HA stock solutions were prepared to have a pH of approximately 7.5. The organic carbon content (mgC/L) of the HA stock solutions were determined by total organic carbon analysis (TOC 5050, Shimadzu, Kyoto, Japan) of triplet injections.
Sorption experiments
Sorption isotherms were performed for kaolinite and montmorillonite (pH 8.0 Ϯ 0.5, 25ЊC) separately for the following treatments involving specific sorbates and conditions. Experiments were conducted at pH 8 because previous work showed that hydrolysis of endosulfan was slow enough to achieve apparent sorption equilibrium [29] . The first treatment was sorption of each of the three HAs (EHA, PHA, and SHHA) separately to each mineral. The second treatment was sorption of ␣-endosulfan to each mineral. The third treatment was sorption of ␣-endosulfan to each mineral, which had been equilibrated previously with aliquots of one of the three HAs. The fourth treatment was sorption of endosulfan diol to each mineral. A time-course study for sorption of the HA by both minerals showed that an apparent equilibrium was reached within 6 to 12 h. In addition to the sorption isotherms, ␣-endosulfan and HA sorption to the glassware also was quantified. For a contact time of 30 min, less than 7 and 10% of the ␣-endosulfan and HAs, respectively, were adsorbed by the glassware.
For the first treatment, minerals suspensions were prepared in 50-ml glass centrifuge tubes with Teflon septa at a solids concentration of 20 g/L (0.5 g mineral/25 ml distilled deionized water). Each suspension was shaken vigorously by hand for 1 min, and then 250 l of 1.0 M of NaCl were added to achieve an ionic strength of 0.1 M. The pH was measured before and after addition of NaCl. Suspension pH was adjusted to approximately 8.0 to 8.5 by addition of an appropriate amount of 0.1 M NaOH and/or 0.1 M HCl, and suspensions were allowed to equilibrate (tumbled end-over-end for 24 h at 25ЊC). Suspension pH was monitored after 24 h and adjusted, as necessary, with 0.1 M NaOH and/or 0.1 M HCl until the suspension pH stabilized. The equilibration process was repeated as necessary until a pH of 8.0 to 8.5 was achieved before beginning the experiment.
After achieving a stable pH, varying amounts of HA stock solution were spiked into the mineral suspensions to achieve final HA concentrations between 0 and 80 gC/ml. Two sample blanks (a no-HA blank containing only mineral and a nomineral blank containing only HA) also were prepared. Each HA concentration was run in triplicate. The tubes containing the HA and minerals plus the sample blanks were equilibrated by end-over-end tumbling for 24 h at 25ЊC.
At the end of the equilibration time, the suspensions were centrifuged at 3,000 rpm (1,463.7 g) for 40 min using a Sorvall GSA rotor (Asheville, NC, USA), and the supernatant was decanted. To determine the dissolved HA concentration in the supernatant, the supernatant was filtered with a 0.1-m membrane filter to remove any particles with a size Ͼ100 nm. The filtrate then was analyzed for dissolved organic carbon using total organic carbon analysis (TOC 5050, Shimadzu), as well as final pH. The amount of HA sorbed by the mineral was determined by the difference between the initial HA concenSorption of humic acid and endosulfan by clay minerals Environ. Toxicol. Chem. 25, 2006 13 tration in the supernatant (i.e., the HA concentration in the nomineral blank) and the equilibrium HA concentration in the supernatant of the HA-mineral suspensions. Mineral suspensions and sorption isotherms of ␣-endosulfan by each mineral were prepared and conducted in the same manner, with the appropriate amount of the ␣-endosulfan stock solution spiked into the mineral suspension to achieve concentrations in the range of 0 to 0.5 g/ml. Each concentration was run in triplicate. At the end of the isotherm equilibration time (24 h), the suspensions were centrifuged, with liquidliquid extraction of the supernatant with isooctane and mineral solids extracted by simple solid-liquid extraction with isooctane [30] .
Sorption isotherms of ␣-endosulfan by minerals with HA present were prepared and conducted in the same manner as described above for ␣-endosulfan by minerals alone, but with the following difference: Prior to ␣-endosulfan addition, an appropriate amount of HA was spiked into mineral suspensions to achieve a HA concentration of 20 gC/ml, and the mineral-HA suspensions were allowed to equilibrate (tumbled endover-end for 24 h at 25ЊC).
Sorption isotherms of endosulfan diol, the byproduct of endosulfan hydrolysis, were conducted in the same manner as described above for ␣-endosulfan by minerals alone, but with appropriate amounts of endosulfan diol stock solutions spiked into mineral suspensions to achieve concentrations in the range of 0 to 1.0 g/ml (kaolinite) or 0 to 0.5 g/ml (montmorillonite).
Gas chromatography analysis
Concentrations of ␣-endosulfan and endosulfan diol in isooctane extracts were analyzed on a Hewlett-Packard 6890 gas chromatograph (Palo Alto, CA, USA) with an electron capture detector, a splitless injection port, and a 30-m DB-5 fused silica capillary column with a film thickness of 0.25 m and an internal diameter of 0.25 mm. Helium was used as the carrier gas and nitrogen served as an auxiliary gas. The column flow rate was set at 2 ml/min. The injection and detector temperatures were maintained as 260 and 290ЊC, respectively. The temperature program for ␣-endosulfan and endosulfan diol analyses was set with the initial temperature of 100ЊC held for 2 min; it then was ramped to 260ЊC at 20ЊC/min and held for 20 min for a total analysis time of 25 min. Triplicate injections were performed from each autosampler vial. Solvent blanks were analyzed during the sequence to prevent carryover from one run to another.
Standard calibration curves were constructed to check reproducibility of the instrument before analyzing experimental samples. Standard calibration curves were conducted for liquid and solid systems with and without humic acid present at pH 8. The mineral suspensions were prepared in the same manner as described above. After centrifugation and filtration, the appropriate amount of 100 g/ml ␣-endosulfan commercial stock solution was spiked into a 60-ml separation funnel containing 25 ml of supernatant solution to achieve a concentration ranging from 0 to 0.5 g/ml (0, 0.025, 0.05, 0.10, 0.25, 0.33, and 0.5). The details on extraction and analysis were similar to those mentioned above. Each standard concentration was run in triplicate.
The relative response factor and its relative standard deviation were calculated for each target analyte (i.e., ␣-endosulfan and endosulfan diol). The relative standard deviation was less than or equal to 15% for each target analyte and/or less than or equal to 15% for each individual calibration check compound (i.e., aldrin internal standard). Solvent blanks also were analyzed among the samples to prevent carryover. The extraction efficiencies for all systems studied ranged from about 85 to 99% [30] .
RESULTS AND DISCUSSION
Measurement of the specific surface area for the kaolinite and montmorillonite returned values of 12.3 (Ϯ 0.06) and 26.9 (Ϯ 0.27) m 2 /g for the kaolinite and montmorillonite, respectively. For the isotherm experiments, a 24-h equilibration time was chosen to ensure that equilibrium of the system was reached. Based on a time-course study, sorption of HA and ␣-endosulfan by either of the minerals was characterized by an initial rapid sorption within the first 6 h, followed by a slower sorption from 6 to 24 h (data not shown). It is hypothesized that, during the first 6 h of sorption, HA and ␣-endosulfan diffused onto the mineral surfaces and were sorbed quickly by the exposed sorption sites on the mineral surface. As sorption sites were filled on the mineral surface, HA and ␣-endosulfan sorption became slower from 6 to 24 h.
Singh and Singh [21] reported that sorptive equilibrium for endosulfan was reached within 4 h in two different Indian soils (sandy loam [0.35% organic matter] and loam [0.59% organic matter]). Rawat et al. [22] found that sorptive equilibrium for endosulfan was reached in Indian sandy loam soil and organic soil by 4 and 6 h, respectively. Parkpian et al. [23] also observed that sorptive equilibrium in two Thailand tropical soils (clay and clay loam with 3.0% organic matter) for endosulfan was reached within 2 h. In addition, Sudhakar and Dikshit [31] indicated that sorptive equilibrium for endosulfan was reached in 5 h with wood charcoal used as a sorbent. In the only investigation of sorptive equilibrium of an endosulfan metabolite, Sethunathan et al. [27] reported that sorptive equilibrium for endosulfan sulfate in Indian soil was reached within 5 h. It is likely that these times represent the rapid phase of sorption and that true equilibrium has not been achieved.
Sorption of HAs by minerals
Sorption isotherms for each of three HAs by kaolinite and montmorillonite are shown in Figure 1 . In general, all the HA isotherms for both kaolinite and montmorillonite showed good agreement with the Freundlich model. Freundlich coefficient values were determined as follows:
where C s is the sorbed HA concentration on the mineral solid (gC/g), C w is the equilibrium concentration of dissolved HA (gC/ml), K f is the Freundlich sorption coefficient (ml/g), and n is the constant providing an estimate of the intensity of sorption. The calculated K f values for the HA sorption isotherms are summarized in Table 2 . With respect to the three HAs, the K f values decrease in the order of EHA Ͼ PHA Ͼ SHHA for both kaolinite and montmorillonite; however, statistical analysis indicated that there is no significant difference between the K f values for PHA and SHHA for the kaolinite system (p value [0.3259] Ͼ 0.05). The K f values for montmorillonite (7.69-29.56 ) are greater than for kaolinite (0.92-1.54). For all HA isotherms, values for the Freundlich n parameter ranged from 0.95 to 1.21.
Sorptive affinity of the HAs appears to correlate with their aromatic carbon content and polarity (O/C ratio; Table 1 ) [7] .
Environ. Toxicol. Chem. 25, 2006 S. Hengpraprom et al. Researchers have observed that HA that is less polar and has higher degrees of aromaticity typically has higher sorptive affinity toward mineral surfaces [7, 18] . Balcke et al. [32] observed a strong inverse correlation between the adsorption coefficient from the Langmuir model and the O/C ratio for 11 humic materials and kaolinite. For this work, the results obtained for K f values are consistent with results reported by these researchers in that, as HA polarity decreases, K f values increase (Tables 1 and 2 ). The magnitude of the K f values obtained for sorption of each HA by both kaolinite and montmorillonite are relatively small in comparison to values obtained by other researchers, indicating a weak affinity of the HA for the mineral surfaces [7, 8] . Murphy et al. [7] reported a K f value of 234 ml/g for sorption of International Humic Substances Society peat HA by kaolinite at pH 4. Hur and Schlautman [33] reported a K f value of 1,430 ml/g for peat HA sorption by kaolinite at pH 7.0. Ligand exchange [7, 8, 34, 35] and hydrophobic interactions [36] may contribute to the sorption mechanism of HA to the mineral surfaces. The smaller values of K f obtained in this study may be the result of the higher solution pH. At the operating pH of our experiment (pH 8), electrostatic repulsion forces between negatively charged (deprotonated) HA functional groups and negatively charged mineral surface sites (kaolinite [pH zpc ϭ 4.6] and montmorillonite [pH zpc ϭ 2.5]) likely would reduce HA adsorption due to ligand exchange [28] . In addition, the repulsion between deprotonated HA functional groups makes the HA molecule take a linear configuration, which could reduce HA adsorption at higher pH [37] . Avena and Koopal [38] observed a decrease in the rate of adsorption of a terrestrial peat HA by oxide minerals as the solution pH increased, with the rate changing dramatically around the pH zpc of the mineral surface. Because the sorption of HA to montmorillonite and kaolinite cannot be attributed to electrostatic forces, the sorption in this case mostly depends on hydrophobic interactions, although Koyama [39] suggests that electrostatic interactions can occur at pH 6 to 7 at the edge surface but not the flat surface of montmorillonite.
The sorption of each HA on kaolinite and montmorillonite primarily differed because the clay surfaces contain hydroxylated sites with different site densities and structural/crystallographic locations [7] . Higher sorptive affinity was observed with montmorillonite versus kaolinite for each HA studied, which likely relates to the concentrations and distributions of reactive or hydrophobic surface sites for the two minerals. Montmorillonite as a 2:1 expandable layer clay exhibits a higher surface area and provides more specific sorption sites for organic molecules to adsorb compared to kaolinite (a 1:1 nonexpandable layer) [40, 41] . Because of its expandable layer, the HA molecules may be able to penetrate into the interlayer space of the montmorillonite and also be adsorbed at the planer and the edge surface sites. However, several studies have shown that interlamellar adsorption of HA decreases as pH increases (e.g., [42, 43] ).
For the EHA sorption isotherm onto montmorillonite, the value of the Freundlich n parameter is less than one, indicating that sorption sites are limited. For all other HA sorption isotherms on the two minerals, the n values are greater than one, indicating a relative increase in sorption with increasing concentration. The previously sorbed HA coated the surface of minerals and gave the surfaces a nonpolar nature, which favored further sorption. At high concentrations of HA, the sorp- tion of HA by both kaolinite and montmorillonite displayed nonlinear behavior (Fig. 1) , presumably due to hydrophobic humic-humic interactions resulting in multiple layering of humic acids on the mineral surfaces.
Sorption of ␣-endosulfan by minerals
Sorption isotherms of ␣-endosulfan by kaolinite and/or montmorillonite in the absence of HA are shown in Figure 2 . Similar to the HA sorption isotherms, the ␣-endosulfan sorption isotherms by kaolinite and montmorillonite showed good agreement with Freundlich-type sorption, and the experimental data were in good agreement with the linear best-fit line. A Freundlich sorption partition coefficient by mineral (K fm ) for ␣-endosulfan was calculated as
where C s is the sorbed ␣-endosulfan concentration on the mineral solid (g/g), and C w is the dissolved ␣-endosulfan concentration in the water solution at equilibrium (g/ml). The estimated K fm values in Table 3 were determined from the slope of the power plot for montmorillonite because n is nearly one and from individual points for kaolinite. Montmorillonite sorbed ␣-endosulfan (67 Ϯ 0.11 ml/g) with higher affinity than kaolinite (38 Ϯ 0.29 ml/g). The value for the Freundlich n parameter of greater than one for kaolinite (1.57) suggests a relative increase in sorption with increasing concentration, whereas the n-value of almost one (1.06) for montmorillonite represents a linear sorption isotherm.
Sorption of ␣-endosulfan by minerals with HA present
Sorption isotherms of ␣-endosulfan by kaolinite in the presence of HA are compared with those in the absence of HA in Figure 2a . The K f values obtained from this experiment (Table  3) agree well with previous studies, which reported that the sorptive K f values of ␣-endosulfan ranged from 6.74 to 140.7 ml/g in soils with low organic matter content [22, 23, 24, 26] . Similar to the mineral-only systems, montmorillonite in the presence of HA sorbed ␣-endosulfan (i.e., greater K f ) with higher affinity than kaolinite in the presence of HA. The higher sorptive capacity of the montmorillonite-HA system is due to montmorillonite's higher affinity, as well as the higher amount of HA sorbed on the surface of montmorillonite (as described above).
In addition to K f , the organic carbon-water partition coefficient (K OC ) for ␣-endosulfan sorption to mineral-bound HA was calculated using the following equation [44] :
where K f denotes the overall distribution coefficients for ␣-endosulfan to the mineral-HA complex system, K fm represents the distribution coefficients to the surface of minerals, f OC represents the amount of HA sorbed to the mineral surface (wt/ wt), and f cm represents the mineral fraction (wt/wt). In this case, the value of f cm is close to one (0.999); thus, Equation 3 can be rewritten as
Equations 3 and/or 4 are valid for the linear sorption isotherm for which the value of the Freundlich n parameter is equal to one. In this study, the n values for EHA and SHHA in the kaolinite and montmorillonite systems are very close to one (p value [0.432] Ͼ 0.05), and the n values for PHA in the kaolinite and montmorillonite systems are significantly different from one (p value [0.02] Ͻ 0.05; Table 3 ). As a result, the values of K OC for ␣-endosulfan sorption to mineral-bound EHA and SHHA were calculated using Equation 4; however, the K OC for mineral-bound PHA was not calculated. The calculated f OC and K OC values are summarized in Table 4 . The value of K OC for ␣-endosulfan sorption to kaolinite-bound HA decreases in the order of EHA Ͼ SHHA. However, the opposite trend was found in the montmorillonite system. The large values of K OC suggest that the distribution of ␣-endosulfan to HA mainly depends on the concentration of hydrophobic moieties in the HA. The calculated K OC are consistent with the low end of the range from previous studies that reported the K OC of endosulfan in the range of 350.85 to 10,990 ml/g [23, 24, 26] .
Sorption of endosulfan diol by minerals
Sorption isotherms of endosulfan diol by kaolinite and montmorillonite are presented in Figure 3 . A K fm value of 3.3 (Ϯ0.12) ml/g and n value of 0.92 were obtained for kaolinite (r 2 ϭ 0.933), and a K fm value of 17.2 (Ϯ0.05) ml/g and n value of 0.72 were obtained for montmorillonite (r 2 ϭ 0.99). Sorption of endosulfan diol was relatively small and considered to be less significant compared to its parent compound. This has been attributed to its higher water solubility (300 mg/L) [45] .
CONCLUSION
The implications from this work are that clay minerals are not sorbents with high capacities for hydrophobic compounds, such as endosulfan, at high pH values (8.0) because ligand exchange is as important at pH 8.0 as for nonpolar sorbates. However, humic substances, even at the very low concentrations considered in this work, do enhance sorption of hydrophobic compounds, and the O/C ratio of HA is inversely related to sorption of HA by clay minerals. The enhanced adsorption in turn may influence transformation of pesticides such as endosulfan in the soil system.
